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AERODYNAMIC SEPARATION CHARACTERISTICS OF
CONCEPTUAL PARALLEL-STAGED REUSABLE
LAUNCH VEHICLE AT MACH 3 TO 6%

By John P. Decker and P. Kenneth Plerpont
Langley Research Center

SUMMARY

A wind-tunnel investigation was made of an approximate l/l25-scale model
of a horizontal-take-off horizontal-landing reusable launch vehicle. The model
consisted of a winged reusable first stage, a winged reusable second stage, and
a8 third-stage winged reusable spacecraft with an expendable maneuvering propul-
sion package. The two upper stages or combinations thereof were arranged in
tandem, and this combination was placed parallel to the first-stage reusable
booster. The upper-stage configurations were separated in parallel from the
first stage. The wind-tunnel tests were conducted at Mach numbers of 3.00,
k.50, and 6.00, at angles of attack from approximately -4° to 12°, and for
spacing distances based upon the equivalent base diameter of the first-stage
fuselage of 0.25 to 1.65. The Reynolds number per foot varied from 1.0 X 1

to 2,1 x 10°.

The results show that large changes in both 1ift coefficient and pitching-
moment coefficient occurred for both stages and were dependent on the configura-
tion, Mach number, and spacing. The magnitude of the changes in pitching-
moment coefficient and 1lift coefficient would present a stability and control
problem for both the first stage and the upper stages during separation, espe-
clally 1f separation occurred at high dynamic pressures.

INTRODUCTION

The separation of two major components of an orbital launch vehicle has
up to the present been largely limited to vehicles whose stages were arranged
in tandem as in a staged colinear missile. For this class of vehicles, the
integrity of only the upper stage is involved at stage separation. However,
for many concepts of future generation launch vehicles, the integrity of both
stages may be required whether the stages are arranged in parallel or in tandem.
Because of the interest in parallel-arranged stages especially for completely
reusable as well as for expendable launched vehicle systems, the Langley
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Research Center has initiated an investigation to examine the aerodynamic prob-
lems assoclated with the separation of parallel-arranged stages.

The purpose of the present paper is to present experimental aerodynamic
results at stage separation of a representative complete reusable launch vehicle
system at supersonic and hypersonic speeds. For a vehicle of this type, the
integrity of both the first and upper stages becomes a requirement so that each
may complete its representative portion of the mission and effect a safe return
to earth for reuse. Although the aerodynesmic characteristics during separation
at design staging conditions may be highly important, the ability to perform a
safe separation during or following & malfunction leading to an abort maneuver
may be equally important. No differentiation between what may be considered
staging conditions or abort conditions will be made; instead, the results will
be employed to discern some of the effects of the physical phenomena on the
aerodynamic characteristics of the two major components of the vehicle selected
for this investigation.

The selected launch vehicle consisted of a conceptual design of a
horizontal-take~off and horizontal-landing system for which each stage was a
wing-body configuration intended to fly back and land horizontally. The launch
vehicle was simllar to the vehicle for which aerodynamic characteristics were
reported in references 1 and 2, Consideration has been limited to the condi-
tions in which both major components would remain essentially parallel during
the early phase of the separation maneuver. The employment of a parallelogram
or trapeze mechanism 1s one method to achieve this type of separation. Other
modes of separation such as variable incidence and/or longitudinal displacement
have not been considered herein, in order to reduce the number of variables
for the present investigation.

Tests were conducted on a 1/125-scale model of the launch vehicle (ref. 1)
in a 2-foot hypersonic facility at the Langley Research Center at nominal Mach
numbers of 3.00, 4.50, and 6.00, and at angles of attack from approximately -4°
to 12°. The two major components (first-stage and upper-stage configuration)
vere individually mounted to measure forces and moments for spacing distances
based upon the equivalent base dlameter of the first-stage fuselage of 0.25 to
1.65. The Reynolds number per foot varied from approximately 1.0 X 10° to

2.1 x 106.
SYMBOLS

The aerodynamic characteristics of the first stage and the upper stages
have been referred to the stability axes. The moment reference center for both
the first stage and the upper stages was T.48 inches forward of the base in the
stage separation plane. The aerodynamic coefficients for the first stage are
based on the geometry of the first-stage wing whereas the aerodynamic coeffi-
cients for the upper-stage configurations are based on the geometry of the
second-stage wing.
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CL, 1lift coefficlent, -ES—-

Cp dreg coefficient, D—:—;—‘i

Cm pitching-moment coefficient, Pitchings_moment

gsSc

c locel chord, ft

¢ reference mean aerodynamic chord based on total wing ares, 0.733 ft
for first-stage and 0.424 ft for upper-stage configurations

d equivalent base diameter of first-stage fuselage, 0.192 ft

h spacing between flat upper surface of first stage and flat lower
surface of second stage (see fig. 1(b))

M free-stream Mach number

Pt stagnation pressure, atm

q free-stream dynamic pressure, 1b/sq ft

S reference wing area, 0.440 sq ft for first-stage and 0.188 sq ft
for upper-stage configurations

Ty stegnation temperature, °R

Xcp location of center of pressure forward of base of first-stage
reusable booster or upper-stage configuration

o angle of attack (referred to stage-separation plane), deg

h/d nondimensional spacing, based upon equivalent base diameter of
first-stage fuselage

X

—;—I-)- nondimensional location of center of pressure, based upon equivalent
base diameter of first-stage fuselage

Cp, CL, w Cm,a drag, 1ift, and pitching-moment coefficients at an angle of

attack

ACp incremental change in drag coefficient at a = 0°,
(CD’“"'O)h/d - (CD,OF—O)h/d____m

ACL, incremental change in 1ift coefficient at a = 0°,

(CL, af-O)h/d = (CL, a=0 )h/d=°°
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ACm incremental change in pitching-moment coefficient at o = 0°,
(Cm,a=0)h/d = (Cm,a=0)h/ =

ffEE incremental change in center of pressure, (fsg) - (fgg)
d d /h/a 4 /h/d=w
Subscripts:
I first-stage reusable booster
IT upper-stage configurations

Component designations:

B second-stage fuselage

W second-stage wing

F second-stage vertical fins
M maneuver propulsion package
S spacecraft

St forebody fairing

DESCRIPTION OF MODEL

The complete launch vehicle, which was identical to that of reference 1,
and its components are shown in figure 1. The launch vehicle consisted of a
first and second stage which were both winged and reusable, and a third-stage
winged reusable spacecraft with an expendable space-maneuvering propulsion
package. The two upper stages were arranged in tandem, and this combination
was placed parallel to the first stage. Figure 1(b) shows the relative posi-
tions of the first stage and the upper stages for the present investigation.
Principal model dimensions are presented in table I, and photographs of the
first stage separated from various upper-stage configurations are shown in
figure 2. .

First-Stage Reusable Booster

The first-stage reusable booster consisted of a semicylindrical fuselage
with an ogival forebody, a delta canard, and a delta wing with trapezoidal
vertical fins mounted outboard on nacelles. (See fig. 1(c).) The wing had 70°
leading-edge sweep and was a symmetrical wedge to the LO-percent-chord station
with a constant 0.050c maximum thickness rearward to the 0.85c station. A
wedge or boattall on the lower surface of the wing extéended from 0.85c to the
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wing trailing edge. (See fig. 1(d).) The ving was flat on the upper surface
rearwvard of the 4O-percent station to allow mating with the second-stage wing.
The wing was set at an incidence angle of 0°, The requirement for a flat upper

o
surface resulted in a wing dihedral angle of about 3% . The exposed area of

the canard was approximately 7 percent of the total first-stage wing area, and
the distance between 0.25¢C of the canard and 0.25¢ of the first-stage wing was
1.4T of the wing.

The vertical fins were located outboard at two-thirds of the wing semi-
span. The total fin area, which was equally distributed above and below the
wing, was approximately 15 percent of the total wing area. The vertical fins
had a panel aspect ratio of 1.15 and a taper ratio of 0.5. The nacelles were
cylindrical with a parabolic nose and were considered to house the flyback
engines. The nacelles formed the Juncture between the first-stage wing and the
vertical fins.

Second-~Stage Reusable Booster

The second-stage reusable booster consisted of a cylindrical fuselage and
a trapezoidal wing with two outboard-mounted vertical fins located at two~thirds
of the wing semispan. The fuselage incorporated a side fairing which extended
vertically from the center line of the second-stage fuselage to the upper sur-
face of the first-stage fuselage. The wing thickness was chosen to achieve a
total profile thickness of 0.065c (based on the chord of the first-stage wing)
when the first- and second-stage wings were mated. The forward 0.40c of the
upper surface of the upper-stage wing formed a coplanar surface with the first-
stage wing. A portion of the leading edge was removed to form a constant
leading-edge radius on the second-stage wing identical to that of the first-
stage wing. The purpose of this arrangement was to reduce the interference of
the mated wings during launch. The second-stage vertical fins were similar to
the first-stage vertical fins, but only the upper element was employed.

Orbitel Stage

The spacecraft was a wing-body configuration with toed-in, wing-tip-
mounted vertical fins. (See fig. 1(e).) The spacecraft wing was unsymmetrical
with the camber adjacent to the spacecraft pad, and the span (including vertical
fins) was approximately equal to the width of the first-stage fuselage. A pad
was used to support the spacecraft on the launch vehicle, but for this inves-
tigation, the pad was removed. (See fig. 1(b).)

The maneuver propulsion package was an expendable rocket booster designed
as a short cylinder with the same diameter as the second-stege fuselage and
incorporating the same type of side fairing as the second-stage fuselage. When
the model was tested without the maneuver propulsion package, the spacecraft
was moved rearward to connect directly with the second-stage fuselage. This
configuration was considered to meet a mission requirement not needing appreci-
able in-orbit maneuvering.

QAU 5
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A forebody fairing was tested in place of the spacecraft and adapter
fairing, for which case the configuration was considered to place a ballistic
payload into orbit.

APPARATUS AND TESTS

The tests of the present investigation were conducted in a 2-foot hyper-
sonic facility at the Langley Research Center, which is described in refer-
ence 3. The nominal test Mach numbers were 3.00, 4.50, and 6.00, angles of
attack from -4° to approximately 129, and spacing distances based upon the
equivalent base diameter of first-stage fuselage of 0.25 to 1.65. The Reynolds
number per foot varied from approximately 1.0 X 106 to 2.1 x 106. No shock
reflection or boundary-layer interference from the tunnel walls was present
for the range of variables in this investigation.

Separate sting supports were provided for the first stage and the upper
stages. Relative movement between the first stage and the upper stages was
provided in the vertical plane by the support system to which the stings were
attached. The two stages remained essentially parallel, with bases alined,
throughout the angle-of-attack range while the spacing distance was varied.
(see fig. 1(v).)

Static aerodynamic force and moment data were simultaneously obtained for
the first stage and the upper stages by use of individual internal six-component
strain-gage balances. No composite configurations, that 1s, with the first
stage and the upper stages connected, were tested in the present investigation.
These data are obtained in reference 1.

All data were obtained with the model smooth; and at the Reynolds numbers
of these tests laminar flow is considered to exist. The average test condi-
tions and typical Reynolds number variation during the launch trajectory of the
complete vehicle are given in the following table:

Reynolds number
Test conditions (based on overall length
of first stage) for -

‘ Launch
M Pty atm Tt, °Rr Test trajectory
3,00 1.0 580 4.2 x 10 7.0 x 106
4.50 1.5 760 2.0 2.k
6.00 3.4 810 2,2 1.6

It is seen from this table that the Reynolds numbers for the launch trajectory
are in reasonable agreement with the test Reynolds numbers.

6 CONMIDRIEA L
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The individual vehicle angles of attack were corrected for balance and
sting deflection under load. The drags of the first stage and upper stages
vere corrected to correspond to a base pressure equal to the free-stream static

pressure on the fuselage and that portion of the wing base intercepted by the
fuselage.

The deviation in angle of attack of the upper stages in relation to the
first stage is seen in figure 3 to be small at all angles of attack for
M = 4.50 and 6.00. At M = 3,00 and angles of attack greater than 6° this
devistion becomes progressively larger and approaches 1° at the highest test
angles of about 13°. The deviation in angle of attack is caused by the differ-

ence in forces and moments on the balance-sting combination for the first stage
and the upper stages.

The accuracies of the coefficlents based on instrument cslibration and
repeatabllity are estimated to be within the following limits:

® & 8 o o+ ¢ &6 9 & & ¢ o s & 8 o+ o * o o o e o o o & e @ * e o 10.005
L e o @ ¢ ® & & & & & o ¢ o & O o * 2 & e & o s & o & s o s o s o e o o iO'].

e e e e e e e e e e e e e e e e e e e e e e 0.05

First stesge:
CD [ ] L ] ® L] L ] [ ] L ] L] L L] L] L] L ] L] L] ° L L ] L] [ ] L] L] L] L] L] L] L] [ L] [ ] L] [ L] mlml
CL L ] L] L ] L] L . . L] [ ] . L] . ® . L] . ® L] L] ® [] . . L] L] L ] ] . L] . L] L] L] 1'0-002
Cm * [ ] * L] L - [ ] * L] L] * [ ] [ ] . L] L] . . . L] L ] * L] L] L] L ] L] o L] L] L] L] e iOoOOl

Upper stages:
CD ® 5 & 8 * o 2 s e e 6 6 o s ° & & o ° . e o & 5 ¢ B 6 s o & o 0+ o iO-OOl
CL ® & e o o o o+ 0 o+ 0+ 0 ¢ o s o o R AL I A L L 1'00002
C,m ® & & & 5 4 & & e o 2 o o e s & & 6 ° o+ s ° s & e o+ o+ & & o & s 1-00002

PRESENTATION OF RESULTS

The longitudinal aerodynamic characteristics of the first stage in the
presence of various upper-stage configurations end of the various upper-stage
configurations in presence of the first stage are shown in figures 4 to 13,
some of the results being summarized in figures 14 to 17. The various upper-
stage configurations are identified with letter symbols for purposes of clari-
fication. (See symbol 1ist for component identification.)

Figure

Longitudinal aerodynamic characteristics of the first stage in
presence of the following upper-stage configurations:

BwF’MS ® & s ¢ & 4 & o 6 0 & o e o 0 ° 2 & 6 s s 86 o s * o e s o o o o0 h
BMS @ & 0 2 o o o 4 & & 0 2 8 0 6 s & s s s 6 s s o ° O 0o & o s o o o0 5
BWFS ® 6 6 & o o " 6 & o 2 o & S o & o S o 8 6 o 6 s o o o o s s 0o o 6
BS ® 6 6 ¢ o o s 6 o 6 5 8 2 6 e 8 0o s 6 s 8 s & b o o s 2 o s o o 7
BWFMS ' . . ] L3 * e @ e o o * e o o o L) . o o . . . . o o o o ] . ) ] 8
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Figure

Longitudinel aserodynamic characteristics of the following upper-stage
configurations in the presence of the first stage:

BWIMS o o o o o o o o o o o760 o o o o o o o o o o o o o o o o oo uw 9
BMS....................'....C.l..... lo
BWFS o o o o o o o o o o o o o o ot o o o oo o eeeneneee. 1M
BS ¢ o o o o o o o o o o 0 o o et b e e et e e, 12

BWF'MS ! ® & 6 ¢ ® o & 8+ o & & & e ¢ o & O ¢ & * o * s & o o . e e o o 15

Variation with spacing distance of the incremental changes in 1ift,
pitching moment, and drag coefficient at zero angle of attack for
the first-stage and various upper-stage configurations . . . . . . . 14

Schlieren photographs of the first stage in presence of BWFS .« « « . &« 15

Variation with spacing distance of the incremental changes in
center of pressure at an angle of attack of 6° for the first-
stage and upper-stage configurations . . . . « « « « + ¢ ¢ 4 e o . . 16

Variation of the center of pressure with angle of attack for
the first-stage and upper-stage configurations . . . . . . . + « . . 17

DISCUSSION

The results of the force and moment measurements made during the present
investigation have been divided, insofar as practicable, into two principal
parts. These two parts consist of the aerodynamic characteristics of the first
stage in the presence of the upper-stage configurations and the aerodynamic
characteristics of the upper-stage configurations in the presence of the first
stage. Because of the complexity of the aerodynamic phenomens resulting from
the present design concept, the discussion is limited to the salient effects of
the mutual interferences. Furthermore, since "safe and practicable" separation
of the major components is considered of paramount interest in the applied
sense, the principal focus is directed toward stability and control implications.

First-Stage Characteristics

The basic aerodynamic data of figures 4 to 8 show that the proximity of
the several upper-stage configurations produced marked but differing changes
in the basic longitudinal aerodynamic coefficients of the first stage. These
changes have been compared with the interference-free aerodynamic character-
istics, superimposed from reference 1, and it can be seen that the region of
significant influence generally extends beyond the maximum values of test
spacing h/d. The interference between major components resulted in large
negative displacement of 1ift curves, but with the exception of small local
changes, had little effect on lift-curve slope. These displacements are
dependent on configuration, Mach number, and spacing and amount to equivalent

8 CONPIRETIIE—
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angle-of-attack increments of about 2° to 4° throughout the test angle range.
Interpreted in terms of angle increments, the changes indicated may not appear
to be large; however, the problem of guidance and control during the critical
period of physical separation can be expected to be severe since it is the time
rate of change of AC], associated with the normal component of velocity which
will establish the control system requirements. Since a nonpropelled or
coasting period which will degrade the system performance may exist during

stage separation, it is desirable to have a rapid separation, that is, high
separation normal veloclty, and hence a large value of dCL/dh will be expected.

Figure 1ll4(a) further illustrates the behavior of the zero angle-of-attack
lift-coefficient increments, as a function of vehicle spacing, for three typical
upper-stage configurations. The behavior of the curves for the two configura-
tions, having identical spacecraft but with the second-stage wing on or off,
are similar for a given Mach number. The changes with Mach number are also
similar. In general, as the spacing increases from the initial vehicle unlatch
value, for example, h/d = 0.25, the interference effect AC;, for this vehicle

combination reaches a maximum and then gradually tends to approach the
interference-free value at sufficiently large spacings. This trend seems clear
for the data obtained for the two higher Mach numbers but is not obvious at

M = 3.00, probably because insufficiently large spacings were achieved.

The basic data (figs. 4 to 8) show that at M = 4,50 and 6.00 the first-
stage stability did not change significantly with spacing. At M = 3,00, for
the separation distances of these tests, the presence of the upper stages
resulted in destabilizing changes. The data indicate that the first-stage
stability is dependent on both Mach number and upper-stage configuration. As
was observed for ACp, the changes in ACy shown in figure 1k(a) for the con-

figurations with second-stage wing on or off were nearly the same. It can be
seen that changes in ACp with spacing were very nearly in phase with the

varlation of ACy, with spacing for any test Mach nmumber for these
configurations.

An explanation of the observed behavior of both AC; and ACy may be

obtained by assuming that the first-order interference effects were caused by
the spacecraft principal shock-wave impingement on the first stage, and that
only secondary effects were then incurred by subsequent reflections. The
affected area and its location is almost directly proportional to the spacing
h/d and inversely proportional to the tangent of the effective shock-wave
angle of the primary disturbance caused by the upper-stage configuration. For
the present models, at low Mach numbers and moderate spacing or at high Mach
numbers and small spacing, the upper-stage principal disturbance would lie
almost entirely in front of the first-stage wing leading edge, and the only
reflections would consist of those from the first-stage fuselage. When, how-
ever, some critical combination of Mach number and spacing occurred, the
influence of the principal disturbance would be felt over most of the first-
stage wing and thereby produce the maximum interference for both force and
moments. For a given Mach number, exceeding the critical spacing would result
in the initial impingement and associated reflections moving progressively
rearvard until finally a sufficient spacing is reached that it no longer would
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impinge on the first stage at all, that is, an interference-free condition.
For a model producing as complex a flow field as the one used in the present
investigation, it i1s difficult to support this argument quantitatively; how-
ever, qualitative verification can be obtained by examining schlieren photo-
graphs, typical examples of which are shown in figure 15. From the available
evidence, therefore, it is concluded that the first-order effects of the upper-
stage configuration on the first-stage vehicle are primarily functions of the
strength of the principal disturbance, its effective source position, and Mach
number.

Although the preceding discussion has been applicable at « = 0°, the
basic data show similar effects over a wide angle-of-attack range. At angles
of attack of 6°, for example, figure 16 shows the results plotted as the change
in center of pressure with spacing. In this representation, the effects of
normal-force and pitching-moment interference effects are combined. The criti-
cal spacing (maximum interference effect) has apparently been reached for
M = 3,00, and it progressively decreases with increasing Mach number as antic-
ipated from the foregoing discussion. Figure 17 illustrates further the con-
figuration sensitivity of the center-of-pressure change with angle of attack.
Although the type of vehicle employed in this investigation would fly nearly a
ballistic flight path, it is doubtful whether angles of attack as large as
those shown would be reached. Such large angles and their effects may be
important, however, in the case of a malfunction requiring an abort separation.

Upper-Stege Characteristics

The basic aerodynamic data of figures 9 to 13 show that the proximity of
the first stage to the several upper-stage configurations produced large but
different changes in the baslc longitudinal aerodynamic coefficients. The
results have been compared with the interference-free aerodynamic character-
istics superimposed on the figures. In contrast to the results shown earlier
for the first stage, not only were there large displacements in both 1lift coef-
ficient and pitching-moment coefficient for any given angle of attack, but also
severe nonlinearities are shown.

The incremental changes in C;, and Cp at o =0° plotted as functions

of spacing h/d 1in figure 14(b) show that, in contrast to the increments shown
previously for the first stage, the upper-stage increments are significantly
changed when the second-stage wing is on or off. This change could be antic-
ipated since, if it is the principal disturbance generated by the spacecraft
which contributes the primary effects on the first stage, it is the reflection
of this principal disturbance which would contribute the primary effects on the
upper-stage configuration. Because this disturbance, upon reflection, would
spread three-dimensionally, the upper-stage wing surfaces, in addition to the
body, would be under its influence. The increment in 1ift coefficient is, of
course, positive and opposite to the sign of the first-stage increment since
the local pressure on the under surfaces of the upper stage has increased
because of the disturbance. Two maximums in AC; (fig. 14(b)) of differing
wagnitude are apparent for the upper-stage configurations with the second-stage
wving on. The first maximum follows the same trend as that for the first stage;

10 QT —
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that is, some critical spacing occurs which decreases with increasing Mach mum-
ber. The second maximum probably results from the disturbance created by the
first-stage wing acting on the second-stage wing. Only the data at the highest
test Mach number (M = 6.00) indicate clearly the existence of this second
moximum in ACy; the M = L4.50 results suggest that the second meximum exists

since the curves are diverging from the abscissa; and at M = 3.00, 1t may be
inferred that a similar trend would have been shown if sufficient spacing
distances had been achieved. The observed changes in ACy seem to support the

same argument. In any event, for the configurations tested, the effects of the
interference during separation are shown to be both large in magnitude and to
vary rapidly with spacing.

At angles of attack other than 0°, for example, in the range of about iho,
it is believed that the primary influence on the lift-curve slope arises from
the orderly change in the compression or expansion of the field about the first-
stage forebody. At higher positive angles, the data suggest some form of pro-
gressive blanketing, which is shown by the decrease in lift-curve slope to near
zero. This condition is best 1llustrated at the smaller h/d values 1n fig-
ures 9 to 13,

The combined effects of normal-force and pitching-moment ilncrements have
been shown in figure 16 by presenting the change in upper-stage center of pres-
sure with spacing for the three test Mach numbers at a = 6°. Changes as large
as 3.00 diameters are shown. Both large positive and negative shifts occurred,
which are nearly the same magnitude for this particular angle of attack, for
either the wing-on or wing-off configurations. At M = 6.00 1t appears that
for the largest spacing tested h/d = 1.65, nearly interference-free center-of-
pressure conditions have been achieved. At M = 4,50, extrapolation suggests
that h/d = 2.5 would have to be reached before interference-free conditions
would be achieved. In contrast, the results shown at M = 3.00 suggest that
interference-free conditions may have been reached, but on the basis that the
trends shown for both the first-stage configuration as well as the upper-stage
configuration are valid, another significant change may be expected before the
curves would sgain approach interference-free conditions. It appears to be

Axcp
has reached a value near zero for the maxi-~
II
mm test value of h/d. In any event the shifts in center of pressure with
spacing are large. Figure 17 shows the variation of the center-of-pressure
Iincrement with angle of attack and serves to illustrate, as discussed previ-
ously, the seriousness of off-design separation conditions.

purely coincidental that

CONCLUDING REMARKS

An investigation has been conducted in a 2-foot hypersonic facility at the
Langley Research Center to ascertaln some of the aerodynamic characteristics
during separation of a staged parallel mounted reusable launch vehicle. Various
upper-stage configurations were separated in parallel from the first stage.

The wind-tunnel tests were conducted at Mach numbers of 3.00, 4.50, and 6.00, at
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angles of attack from approximately -4° to l2°, and for spacing distances
based on the equivalent base dlameter of the first-staege fuselage of 0.25 to

1.65. The Reynolds number per foot varied from 1.0 X 106 to 2.1 x 106,

For the first-stage configuration, stage separation over the Mach number
range of these tests produced generally insignificant changes in either the
lift-curve slopes or the longitudinal stability, except at a Mach number
of 3.00, where close proximity of the upper-stage configurations resulted in
destabllizing changes. The first-stage stability and 1ift characteristics were
found to be dependent on both Mach mumber and upper-stage configuration. ILarge
increments in both 1lift coefficient as well as pitching-moment coefficient,
which were relatively constant throughout the angle-of-attack range, coupled
with large rates of change of the increments with spacing, were attributed to
separation interference,

For the upper-stage configurations, stage separation incurred large changes
and produced nonlinearities in both lift-curve slope and longitudinal stability.
Extremely large increments in both 1lift coefficient and pitching-moment coef-
ficient, as well as large rates of change with spacing, were attributed to
separation interference.

The observed changes in forces and moments, at small angles of attack,
are believed to have been primarily caused for the first stage by impingement
on the first stage of the principal upper-stage disturbance, and for the upper-
stage configuration by the first-disturbance reflection. At high positive
angles for the upper-stege configurations, the data suggest some form of pro-
gressive blanketing since the lift-curve slope decreases to near zero. Gener-
ally, the interference increments measured were dependent on configuration,
Mach number, and spacing.

The present results indicate that potentially hazardous stability and con-
trol problems can be expected at hypersonic speeds for either stage or abort
separation conditions, especially if the separation occurs at high dynamic
Pressures. In addition, the guldance and control requirements for either the
first stage or upper stage will change significantly if more than a single
upper-stage configuration is considered for use on the same first stage. The
conclusion should not be inferred, at this time, that separation of parallel-
arranged stages at significant dynamic pressures is impracticable, since the
present investigation has examined only one method of separation, that is, each
vehicle remained essentially parallel and in the same longitudinal position
vwith respect to the other vehicle at all times. Assessment of the feasibility
of separating parallel-arranged stages will require in addition to measured
static aerodynamic coefficients inclusion of both dynamlc and elastic effects
of both major components of the vehicle.

Langley Research Center,
National Aeronsutics and Space Administration,
Langley Station, Hampton, Va., October 9, 196k.
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(a) Complete upper stages; h/d = 0.25. 1-64-3209

L-64-3219
(b) Complete upper stages without the maneuver propulsion package; h/d = 1.00.

Figure 2.- Photographs of various upper-stage configurations separated from the first-stage
reusable booster.
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1-64-3225
(c) Complete upper stages without the second-stege wing; h/d = 1.50.

[

I~64-3211
{(4) Complete upper stages with the spacecraft and adapter feiring replaced
vith a forebody fairing; h/d = 1.00.

Figure 2.~ Concluded.
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Angle of attack of first—stage reusable booster,deg
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(a) Variation of 1ift coefficient with angle of attack.

Figure 5.- Longitudinal aerodynamic characteristics of the first-stage reusable booster
in presence of EMS.
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Drag coefficient,Cp
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NASA-Langley, 1965
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